We report the synthesis and the magnetic properties of single crystalline CeRhAl 4 Si 2 and CeIrAl 4 Si 2 and their non magnetic La-analogs. The single crystals of these quaternary compounds were grown using Al-Si binary eutectic as flux. The anisotropic magnetic properties of the cerium compounds were explored in detail by means of magnetic susceptibility, isothermal magnetization, electrical resistivity, magnetoresistivity and heat capacity measurements. Both CeRhAl 4 Si 2 and CeIrAl 4 Si 2 undergo two antiferromagnetic transitions, first from the paramagnetic to an antiferromagnetic state at T N1 = 12.6 K and 15.5 K, followed by a second transition at lower temperatures T N2 = 9.4 K and 13.8 K, respectively. The paramagnetic susceptibility is highly anisotropic and its temperature dependence in the magnetically ordered state suggests the c-axis to be the relatively easy axis of magnetization. Concomitantly, isothermal magnetization at 2 K along the c-axis shows a sharp spin-flop transition accompanied by a sizeable hysteresis, while it varies nearly linearly with field along the [100] direction up to the highest field 14 T, of our measurement. The electrical resistivity provides evidence of the Kondo interaction in both compounds, inferred from its −lnT behavior in the paramagnetic region. The heat capacity data confirm the bulk nature of the two magnetic transitions in each compound, and further confirm the presence of Kondo interaction by a reduced value of the entropy associated with the magnetic ordering. From the heat capacity data below 1 K, the coefficient of the linear term in the electronic heat capacity, γ, is inferred to be 195.6 and 49.4 mJ/mol K 2 in CeRhAl 4 Si 2 and CeIrAl 4 Si 2 , respectively classifying these materials as moderate heavy fermion compounds. The main features of the magnetoresistivity measured at a particular temperature correlate nicely with the isothermal magnetization at the same temperature, nevertheless the data also suggest differences in the Fermi surface topology in the these two isostructural compounds. We have also carried out an analysis of the magnetization based on the point charge crystal electric field model and derived the crystal electric field energy levels which reproduce fairly well the peak seen in the Schottky heat capacity in the paramagnetic region.
T N2 = 9.4 K and 13.8 K, respectively. The paramagnetic susceptibility is highly anisotropic and its temperature dependence in the magnetically ordered state suggests the c-axis to be the relatively easy axis of magnetization. Concomitantly, isothermal magnetization at 2 K along the c-axis shows a sharp spin-flop transition accompanied by a sizeable hysteresis, while it varies nearly linearly with field along the [100] direction up to the highest field 14 T, of our measurement. The electrical resistivity provides evidence of the Kondo interaction in both compounds, inferred from its −lnT behavior in the paramagnetic region. The heat capacity data confirm the bulk nature of the two magnetic transitions in each compound, and further confirm the presence of Kondo interaction by a reduced value of the entropy associated with the magnetic ordering. From the heat capacity data below 1 K, the coefficient of the linear term in the electronic heat capacity, γ, is inferred to be 195.6 and 49.4 mJ/mol K 2 in CeRhAl 4 Si 2 and CeIrAl 4 Si 2 , respectively classifying these materials as moderate heavy fermion compounds. The main features of the magnetoresistivity measured at a particular temperature correlate nicely with the isothermal magnetization at the same temperature, nevertheless the data also suggest differences in the Fermi surface topology in the these two isostructural compounds. We have also carried out an analysis of the magnetization based on the point charge crystal electric field model and derived the crystal electric field energy levels which reproduce fairly well the peak seen in the Schottky heat capacity in the paramagnetic region. 
I. INTRODUCTION
Recently, we have reported the synthesis and magnetic properties of quaternary EuTAl 4 Si 2 (T = Rh and Ir) single crystals, using the Al-Si binary eutectic as flux 1, 2 . The two Eu compounds initially order into an incommensurate amplitude modulated antiferromagnetic state at T N1 = 11.7 and 14.7 K respectively, followed by a second transition to an equal moment, commensurate state at lower temperature T N2 . Though these two compounds prima-facie are antiferromagnetic, the isothermal magnetization curves at low temperatures This suggests the possibility of strong hybridization between the Ce-4f -orbitals and the itinerant electrons in these structure-types, which is known to lead to a variety of anomalous ground states, such as Kondo lattices, heavy fermions with huge effective electron masses, magnetically ordered states with reduced saturation moments 6, 7 . The Néel temperature in some heavy fermion, antiferromagnetic Kondo lattices can be tuned to zero using pressure as an external parameter, which leads to a quantum phase transition where the Fermi-Landau description of quasiparticles breaks down 8 . It was therefore of interest to explore the formation of other RTAl 4 Si 2 (T = Rh and Ir) compounds, in particular for R = Ce. We have been able to grow the single crystals for R = Ce and Pr and in this report we give a detailed description of properties of two Ce compounds. We find that both CeTAl 4 Si 2 (T = Rh and Ir) compounds are dense Kondo lattice antiferromagnets, each undergoing two magnetic transitions like the Eu-analogs.
II. EXPERIMENT
The single crystals of CeTAl 4 Si 2 were grown by following the same experimental protocol as described in Ref. 1 . for the Eu-compounds. Their Laue patterns were recorded using a Huber Laue diffractometer, while the phase purity was inferred from the powder x-ray diffraction pattern collected using a PANalytical x-ray diffractometer. The stoichiometry was checked by semiquantitative analysis performed by energy dispersive analysis by xrays (EDAX). Well oriented crystals were cut appropriately by an electric discharge cutting machine for direction dependent measurements. The magnetization data were measured in a Quantum Design Superconducting Quantum Interference Device (SQUID) and Vibration
Sample Magnetometer (VSM) magnetometers in the temperature range 1.8 to 300 K and fields up to 14 T. The electrical resistivity, magnetoresistivity and the heat capacity were measured in a Quantum Design Physical Properties Measurement System (PPMS). Heat capacity measurements down to 100 mK were performed using the dilution insert of QD-PPMS. A piston-cylinder type pressure cell was used to measure the resistivity of CeIrAl 4 Si 2 at 23 kbar with Daphne oil as hydrostatic medium.
III. RESULTS

A. Structure
The compositions obtained from EDAX analysis confirmed the stoichiometric ratio of 1:1:4:2 to within 1 at.% for each element. The powder x-ray diffraction pattern of CeTAl 4 Si 2 (T = Rh and Ir) are similar to those of Eu-analogs, and no extra peaks due to any parasitic phases were found. A Rietveld refinement using FullProf software 9 based on the EuIrAl 4 Si 2 -type tetragonal crystal structure was performed. The obtained lattice parameters a and c are listed in Table I . It may be noted that similar to Eu compounds 1 the lattice parameter a is larger but c is slightly shorter in Ir analog compared to that of Rh analog but overall the unit cell volume of CeIrAl 4 Si 2 is slightly larger than that of the Rh-analog, which is in accordance with the larger atomic volume of Ir. directions, respectively. The inverse susceptibility in the temperature range 1.8 to 300 K is plotted in the insets of Fig. 1 and 15.5 K, and T N2 = 9.4 and 13.8 K in Rh and Ir compound, respectively. It may be noted that the absolute value of the polycrystalline averaged θ p (−101 and −92 K) is substantially higher than T N1 . We believe it to be primarily due to the crystal electric field and anisotropic Kondo interaction (vide infra) which contributes negatively to θ p . In the simplest collinear two-sublattice antiferromagnet, the χ ⊥ along the hard direction is temperature independent below T N while χ gradually decreases to zero as T→0. A weak temperature dependence of χ along [100] in the two compounds indicates a hard ab-plane.
The magnetic field dependence of susceptibility (M/H) below T N1 was investigated at a few fields and the data are plotted in Figs. 1(c-f) . The T N decreases as the applied field is increased, as commonly observed in antiferromagnets. However, the decrease is more substantial for H [001] which is relatively the easy axis of magnetization. The magnetization in both compounds at T N2 exhibits hysteresis, which is more clearly discernible at ∼ 4 T in CeRhAl 4 Si 2 and at ∼ 6 T in CeIrAl 4 Si 2 , thereby indicating that the transition at T N2 has a first order character. The hysteresis is weaker at lower fields and it increases with increment in magnetic field till spin flop field. configuration. Microscopic technique of neutron diffraction is needed for the determination of exact magnetic structure of the ground state. It attains a value of 0.95 and 1.14 µ B /Ce at 14 T in CeRhAl 4 Si 2 and CeIrAl 4 Si 2 respectively, which is lower than the saturation moment of Ce 3+ (2.14 µ B /Ce). We attribute the lower value to the combined effects of crystal electric field and partial quenching of the Ce moments due to Kondo screening. 
There is a considerable anisotropy in the resistivity, ρ shows a slight negative temperature coefficient above 100 K.
The 4f -derived part of the resistivity ρ 4f is calculated by subtracting the ρ(T ) data of Laanalog from the corresponding Ce-compound, which is also shown in Fig. 3 (a) and 3(b) and replotted in 3(e) and 3(f) on a semi-logarithmic scale. ρ 4f reveals a negative logarithmic slope along both directions which is a hallmark of the Kondo interaction. The high temperature peak in ρ 4f in range 100-200 K, which arises due to interplay of Kondo interaction and crystal electric field levels, occurs at different temperatures along the two directions. The resistivity data thus reveal that these two Ce-compounds are dense anisotropic Kondo lattice antiferromagnets.
Preliminary resistivity data measured under an external applied pressure of 23 kbar in less positive compared to the corresponding values at 2 K, and it even becomes negative at 10 K and above. Close to and above T N1 and above the M R is negative at all fields in both compounds.
The M R in CeRhAl 4 Si 2 at selected temperatures, for fields applied in the ab-plane, i.e. To summarize our results on M R, while there is a close correlation between the changes seen in the M R and isothermal magnetization, some additional features seen in the directional dependence of M R in the two compounds suggest differences in their Fermi surface topology. It would be of interest to calculate the band structure of these two compounds. The heat capacity data of La analog is typical of a nonmagnetic reference compound.
The plots of C/T vs. 
where S 4f is the entropy associated with the magnetic ordering and S K is the entropy at T m due to the Kondo effect with the Kondo temperature of T K . 11 The specific heat and the entropy as a function of T/T K for a spin 1/2 Kondo impurity is known 12 , and the ratio T m /T K can be determined using the value of S 4f . Using this procedure we get a single-ion Kondo temperature T K of 14 and 10 K in CeRhAl 4 Si 2 and CeIrAl 4 Si 2 , respectively. On the other hand if T m is taken as the temperature at which the upturn in the heat capacity begins than T K of 12.3 and 7.7 K are obtained. The Kondo temperature of a lattice is believed to be lower than its value for a single impurity. The simple analysis presented here supports the picture of two magnetically ordered compounds with a residual weak Kondo interaction with a Kondo temperature or lower than the magnetic ordering temperature. It may also be noticed that the T K of the Ir compound is lower than that of the Rh analog.
This suggests larger electron correlation effect in CeRhAl 4 Si 2 , which is amply confirmed by the low temperature heat capacity data discussed below.
The heat capacity below 1 K down to 100 mK is shown in the insets of Figs tetragonal point symmetry. For half integral spin of J(= 5/2), the crystal field potential will split the 2J + 1(= 6) degenerate levels into three doublets. The CEF Hamiltonian for the Ce-atom in a tetragonal site symmetry is given by,
where B Here we have ignored the 6-th order Stevens operators in the Hamiltonian as they are zero for J = 5/2.
In the molecular field approximation, the total susceptibility χ is expressed in terms of the CEF susceptibility χ CEFi and the molecular field constant λ as, The χ CEFi is given by the standard susceptibility expression, by the combination of Curie on previous occasions as well 16, 17 . Fig. 9 (a) and (b) shows the calculated CEF magnetic susceptibility which explains the anisotropy reasonably well. Although it is possible to achieve a better fit to the experimental data, we have chosen the crystal field parameters in such a way that the crystal field energy levels thus obtained by diagonalizing the crystal field Hamiltonian Eq. 2 explains the Schottky heat capacity to be discussed later. The crystal field parameters, molecular field constants and the crystal field split energy levels are listed in Table III . It is to be noted here that the molecular field constant λ is very large and highly anisotropic similar to that of the paramagnetic Weiss temperature θ p as mentioned earlier. This large value of the molecular field λ may be attributed to anisotropic magnetic exchange interactions and due to Kondo effect.
The value of the exchange constant J ex can be extracted from the crystal field parameter J ex are given by the following expression 18 :
The estimated values of J ex for both the principal crystallographic directions are listed in Table IV . The negative value of J ex simply implies the antiferromagnetic interaction of the 4f moments in these compounds. The exchange interaction is also highly anisotropic similar to the molecular field constant and it decreases along the [001] direction when the transition metal is changed from Rh to Ir. We have also calculated the isothermal magnetization based on the CEF model with the following Hamiltonian: where H CEF is given by Eq. 2, the second term is the Zeeman term. The magnetization M i is given by the following expression:
The calculated CEF magnetization is shown in Fig. 9 Another estimate of the Kondo temperature has been obtained from the magnetic part of the heat capacity. In a typical Kondo lattice system, the magnetic part of the heat capacity can be thought to be the combination of the Kondo and Schottky contributions, which can be expressed as :
The expression for C K is given by Schotte and Schotte 20 where they assumed a Lorentzian like density of states at the Fermi energy for the impurity spins S = 1/2:
where ψ is the first derivative of digamma function. Here ∆ is the width of the Lorentzian and is assumed to be approximately the size of the Kondo energy k B T K . For a three level system C Sch is given by the expression:
where R is the universal gas constant and ∆ 1 and ∆ 2 are the crystal field split excited energy levels. Using the energy levels obtained from the point charge model of the susceptibility data we have analyzed the magnetic part of the heat capacity using Eq. 8. value, a reduced magnetic entropy and a negative logarithmic increase in the resistivity clearly indicates that these systems are Kondo lattice systems. We have performed a detailed crystal electric field calculations on the magnetization and heat capacity data and estimated the energy levels of the 2J + 1 degenerate ground state. Similarly, an estimate of the Kondo temperature and exchange interaction has also been made. It is found from our analysis that exchange interaction is anisotropic and the Kondo temperature is larger for Rh system while it is smaller for the Ir system.
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